Frailty, core muscle size, and mortality in patients undergoing open abdominal aortic aneurysm repair  by Lee, Jay Soong-Jin et al.
From the Peripheral Vascular Surgery Society
Frailty, core muscle size, and mortality in patients
undergoing open abdominal aortic aneurysm
repair
Jay Soong-Jin Lee, BS,a Kevin He, MS,b Calista M. Harbaugh, BS,a Douglas E. Schaubel, PhD,b
Christopher J. Sonnenday, MD,a Stewart C. Wang, MD,c Michael J. Englesbe, MD,a and
Jonathan L. Eliason, MD,d for the Michigan Analytic Morphomics Group (MAMG), Ann Arbor, Mich
Objectives: Determining operative risk in patients undergoing aortic surgery is a difficult process, as multiple variables
converge to affect overall mortality. Patient frailty is certainly a contributing factor, but is difficult to measure, with
surgeons often relying on subjective or intuitive influences. We sought to use core muscle size as an objective measure of
frailty, and determine its utility as a predictor of survival after abdominal aortic aneurysm (AAA) repair.
Methods: Four hundred seventy-nine patients underwent elective open AAA repair between 2000 and 2008. Two hundred
sixty-two patients (54.7%) had preoperative computed tomography (CT) scans available for analysis. Cross-sectional
areas of the psoas muscles at the level of the L4 vertebra were measured. The covariate-adjusted effect of psoas area on
postoperative mortality was assessed using Cox regression.
Results:Of the 262 patients, there were 55 deaths and themean length of follow-up was 2.3 years. Cox regression revealed
a significant association between psoas area and postoperative mortality (P  .003). The effect of psoas area was found
to decrease significantly as follow-up time increased (P  .008). Among all covariates included in the Cox models
(including predictors of mortality such as American Society of Anesthesiologists [ASA] score), the psoas area was the
most significant.
Conclusion: Core muscle size, an objective measure of frailty, correlates strongly with mortality after elective AAA repair.
A better understanding of the role of frailty and core muscle size may aid in risk stratification and impact timing of
surgical repair, especially in more complex aortic operations. ( J Vasc Surg 2011;53:912-7.)
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vCurrent management of abdominal aortic aneurysms
(AAAs) focuses on maximizing the benefit of repair by
balancing the risk of rupture with the risk of perioperative
mortality. Published guidelines recommend repair when an
aneurysm diameter reaches 5.5 cm in men and 4.5 to 5 cm
in women, or repair when other risk factors such as a
symptomatic aneurysm, saccular aneurysm morphology, or
rapid growth are present.1 While these guidelines result
fromwell-established predictors of rupture risk, they do not
consider patient-specific factors that can affect risk of peri-
operative mortality.2-4 Further complicating evaluation of
operative risk is the widespread use of both open and
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912ndovascular repair techniques. As a result, growing em-
hasis has been placed on accurately assessing the risk of
ach potential intervention. Thus far, efforts to refine risk
tratification have focused on utilizing patient comorbidi-
ies as predictors of operative outcomes (eg, Glasgow An-
urysm Score, Modified Leiden Score, and Modified Co-
orbidity Severity Score).5-8 These measures, however,
ave yet to gain wide acceptance and are limited byminimal
ariation in the burden of comorbid disease within the
atient population. In this context, improved preoperative
isk assessment could help optimize the clinical benefits of
neurysm repair.
A potential novel concept in preoperative risk stratifi-
ation is patient frailty. Frailty is defined as “the biologic
yndrome of decreased reserve and resistance to stressors,
esulting from cumulative declines across multiple physio-
ogic systems and causing vulnerability to adverse out-
omes.”9 Although measures of frailty have been validated
n geriatric populations, they have not been extensively
tudied in the context of chronic illness and major sur-
ery.10 One component of frailty particularly well suited to
valuation in vascular surgery patients is core muscle size.
orphometric measures of muscle size can be readily
leaned from the cross-sectional images used to assess
rterial anatomy and pathology. With the frequent coexis-
ence of computed tomography (CT) imaging in patients
ndergoing aortic surgery, the potential exists for the de-
elopment of a new preoperative evaluation of the patient,
hereby surgeons not only determine the specific aneu-
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Volume 53, Number 4 Lee et al 913rysm pathology of the patient, but also use morphometric
measures of muscle size to provide a useful quantitative
index reflecting general patient health and risk for interven-
tion. Core muscle size has previously been related to post-
liver transplant survival by this group.11 Applying these
measures to patients undergoing aortic surgery may further
inform both risk assessment and timing of repair in an effort
to optimize patient benefit with surgical therapy.
The purpose of this study was to evaluate the ability of
core muscle size to predict mortality after elective open
repair of AAAs. Our hypothesis is that patients with de-
creased core muscle size (as measured by the psoas cross-
sectional area) will have increased mortality after repair,
even when controlling for other clinical characteristics. To
address this hypothesis, we report on the survival of 262
patients who underwent elective open repair at the Univer-
sity of Michigan.
METHODS
This study was approved by the University of Michigan
Institutional Review Board. The medical records of 479
adult patients (18 years old) who underwent elective
open AAA repair at the University of Michigan between
January 2000 and December 2008 were reviewed. Among
them, 262 had a preoperative abdominal CT scan of suit-
able quality for analysis performed within 90 days of repair.
This population served as our study cohort. Psoas muscle
area measurements at L4 were available for all of these
patients. Clinical data were also obtained for all patients
including the following variables: age, gender, race, height,
weight, AAA diameter, preoperative serum albumin, Amer-
ican Society of Anesthesiologists (ASA) class, and history of
tobacco use. Presence of the following comorbidities (as
defined by the American College of Surgeons – National
Surgical Quality Improvement Program) was also noted in
each patient: coronary artery disease, congestive heart fail-
ure, chronic obstructive pulmonary disease, chronic renal
insufficiency (CRI), diabetes mellitus (DM), hypertension,
dyslipidemia, and history of cerebrovascular accident.
Cross-sectional areas and densities of the left and right
psoas muscles at the level of the fourth lumbar vertebra
(L4) were determined in our study population by a single
observer. This was accomplished by first identifying indi-
vidual vertebral levels on each patient’s CT scan. We then
selected the individual imaging slice at the superior aspect
of L4 and outlined the borders of the left and right psoas
muscle. The areas of the resulting enclosed regions were
then computed and summed to generate the total cross-
sectional area of the psoas muscles (total psoas area [TPA]).
Average density of the psoas muscle within these regions
was also measured. These steps were completed in a
semi-automated fashion using algorithms programmed in
MATLAB v13.0 (MathWorks, Natick, Mass).
Descriptive statistics were computed for the study co-
hort. Continuous variables were summarized by the mean,
SD, and histogram, whereas frequency tables were pro-
duced for categorical variables. Linear regression was per-
formed to examine the relationship between TPA and other iatient characteristics. Regression imputation was used for
ll missing values to improve efficiency.12
Patients began follow-up at the time of AAA repair and
ere followed until death or loss to follow-up. The Kaplan-
eier method was used to estimate survival probability by
soas area tertile. The covariate-adjusted effect of the psoas
rea on postoperative mortality was ascertained through
he Cox proportional hazards model. Backward selection
as used to select a subset of adjustment covariates. Initial
odels assumed that the effect of TPA on the hazard of
ostoperative death was constant across all follow-up time.
ypothesis tests were performed to ensure that this as-
umption was valid. These tests indicated that only TPA has
ignificant interaction with time (P .008). As a result, the
nal model included an interaction term between log-
ransformed time and TPA.
A significance level of   0.05 was used. All analyses
ere performed using SAS v9.2 (SAS Institute, Cary, NC).
ESULTS
Descriptive statistics of the study population (n 262)
re shown in Table I. The mean age at surgery was 69.5 
0.5 years. The mean AAA diameter at the most recent
easure before surgery was 6.0 1.5 cm. The mean TPA,
efined as the sum of right side and left side psoas area, was
166.8  727.3 mm2. The mean psoas density, measured
n Hounsfield units, was 48.2  8.1. A histogram of TPA
howed it was normally distributed, whereas AAA diameter
as skewed to the right (Fig 1). Mean follow-up was 2.3
ears, with a total of 55 patient deaths during the period of
bservation. Overall mortality rates for various time points
f interest included: 1) 30 days (n5, 1.9%); 2) 90 days
n13, 5.0%); and 3) 1 year (n23, 8.8%).
Linear regression using TPA as the response variable
ndicated that age (P .0001), height (P .0001), weight
P  .0001), serum albumin (P  .0004), psoas muscle
ensity (P  .0001), female gender (P  .0001), dyslipi-
emia (P .002), DM (P .012), and stroke (P .021),
ere significant correlates with TPA.
To initially describe the effect of TPA on postoperative
urvival, patients were stratified into tertiles by TPA (Fig 2).
atients in the upper TPA tertile had 1-year survival prob-
bility of 95% and 3-year survival of 91%. Correspondingly,
- and 3-year survival rates were estimated at 87% and
9% for lower TPA tertile patients. Based on the Gehan-
ilcoxon test, survival differed significantly by TPA
ertile (P  .033).
After adjusting for covariates, the Likelihood Ratio
est was used to evaluate whether or not the effect of
PA on the hazard of postoperative death was constant
cross follow-up time. The test revealed a significant
nteraction between log-transformed time and TPA (P
008), indicating that the effect of TPA decreased signif-
cantly as follow-up time increased. A plot of the covari-
te-adjusted TPA hazard ratio (HR) over follow-up time
s presented in Fig 3. For a given postoperative time
oint, one can interpret the HR for TPA as the increase
n the mortality rate per 1000 mm2 decrease in TPA,
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Based on Fig 3, it can be seen that the impact of TPA on
mortality is greatest shortly after the operation (eg, HR 
3.01 at t  3 months) and decreases steadily (reflected by
the HR tending toward the null value of 1) as follow-up
time increases.
Estimated parameters from the Cox regression model
are shown in Table II. Note that the coding of the TPA-
by-time interaction was such that the “main effect” of TPA
represented the HR at t  90 days postrepair. TPA had a
significant effect on 90-day mortality (P  .003), with a
covariate-adjusted hazard ratio of HR  0.33 (95% confi-
dence interval, 0.16, 0.68) per 1000 mm2 increase in psoas
area. The risk of mortality increased as the psoas area
decreased (HR  3.01 per 1000 mm2 decrease in TPA).
Therefore, comparing 2 patients with AAAs that differ in
TPA by 1000 mm2 but are equal in all other respects, the
patient with the higher TPA faces a mortality rate, which is
33% that of the patient with the lower TPA. Other signifi-
cant correlates with mortality include female gender (P 
Table I. Characteristics of subjects (n  262)
Characteristic Mean  SD
Age at repair 69.5  10.5
Height (in) 68.1  5.2
Weight (kg) 82.1  19.6
AAA diameter (cm) 6.0  1.5
Albumin 4.0  0.5
Total psoas area (mm2) 2166.8  727.3
Psoas muscle density 48.2  8.1
N (%)
Race
White 232 (88.5)
African American 14 (5.3)
Other 13 (5.0)
Event
Death 55 (21.0)
Censored at last follow-up 207 (79.0)
Gender
Female 61 (23.2)
Male 201 (76.7)
ASA class
1 56 (21.4)
2 21 (8.0)
3 126 (48.1)
4 49 (18.7)
Comorbid disease
CAD 129 (49.0)
CHF 35 (13.4)
COPD 100 (38.2)
CRI 63 (24.0)
DM 33 (12.6)
HTN 206 (78.6)
Dyslipidemia 168 (64.1)
CVA 25 (9.5)
Tobacco 240 (91.6)
AAA, Abdominal aortic aneurysm; ASA, American Society of Anesthesiol-
ogists; CAD, coronary artery disease; CHF, congestive heart failure; COPD,
chronic obstructive pulmonary disease; CRI, chronic renal insufficiency;
CVA, cerebrovascular accident;DM, diabetes mellitus;HTN, hypertension..046). TFig 4 shows the covariate-adjusted HR for TPA,
veraged across the observed follow-up period. This plot
s based on a model without the previously described
PA-by-time interaction, so that the (overall) average
ffect of TPA could be estimated (ie, the model contain-
ng the TPA-by-time interaction emits a distinct HR for
ach follow-up time point, as opposed to the average
ig 1. Histograms of aneurysm diameter (A) and total psoas
ross-sectional area (B). The distribution of aneurysm diameter is
kewed to the left, whereas total psoas area has a normal distribu-
ion with a broader range of values. AAA, Abdominal aortic
neurysm; TPA, total psoas area.PA effect). The reference TPA (HR  1) is 2230 mm2,
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shown in Fig 4, the HR for a patient with TPA  1650
mm2 was HR  1.42 (ie, a patient with TPA at the 25th
percentile has almost twice the postoperative mortality
rate as a patient at the median TPA, after adjusting for
Fig 2. Three-year Kaplan-Meier survival curves for the t
abdominal aortic aneurysm (AAA) repair. Sample sizes ava
lines terminate when the SE exceeds 10%. (P  .033).
Fig 3. This figure shows the covariate-adjusted hazard ratio for
mortality due to a 1000 mm2 decrease in psoas area, with the
hazard ratio plotted against time. The effect of total psoas area on
mortality is time-dependent. The hazard ratio (HR) due to psoas
area is highest immediately after repair (HR  4.50), then rapidly
decays over time to approximately HR  2.3 at 180 days after
repair.covariates). rISCUSSION
This study introduces the concept of frailty and its
ffect on surgical outcomes in patients undergoing aortic
urgery. Specifically, it focuses on core muscle size as as-
essed by preoperative CT morphometry, using open infra-
enal AAAs as a prototypical surgical procedure for analysis.
pen AAA repair seemed appropriate for initial evaluation
f the relationship of core muscle size and outcomes after
ortic surgery given the relatively high frequency of infra-
of total psoas size in patients who have undergone open
for analysis at annual time points are included. The solid
able II. Estimated parameters in the Cox model
haracteristic HR (95% CI) 2 statistics P value
otal psoas area
(1000 mm2)a 0.33 (0.16-0.68) 9.1270 .003
PA  log (4t)a 1.39 (1.09-1.78) 7.0812 .008
ge 1.03 (0.99-1.06) 2.6577 .103
eight (in) 1.03 (0.95-1.12) 0.5591 .455
eight (kg) 1.01 (0.99-1.03) 0.2543 .614
RI 1.41 (0.79-2.51) 1.3240 .250
M 1.54 (0.72-3.27) 1.2429 .265
emalea 0.39 (0.15-0.99) 3.9662 .046
troke 0.52 (0.18-1.54) 1.3918 .238
I, Confidence interval; CRI, chronic renal insufficiency; DM,diabetes
ellitus; HR, hazard ratio; TPA, total psoas area.
Statistically significant.ertiles
ilableenal AAA and its attendant elective in-hospital mortality
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April 2011916 Lee et alrate of over 6% nationally.13 In addition, preoperative risk
assessment in vascular surgery has been most extensively
studied in open AAA repair and offers a basis for compari-
son and assessment of this new risk assessment tool.
As expected, this pilot study demonstrated a significant
correlation between preoperative core muscle size (TPA)
and mortality after open repair. The relationship between
core muscle size and mortality was broad, as patients with
decreased TPA had increased risk of death at all time points
over the observation period. The 90-day postoperative
endpoint was chosen for the covariate-adjusted regression
model to intuitively select the frail patient who might
survive the initial 30-day postoperative period, but suc-
cumbs in the ensuing months as an already low physiologic
reserve is depleted. In this model, TPA was a significant
predictor of 90-day postoperative mortality, with an ad-
justed hazard ratio of HR  3.01 per 1000 mm2 decrease
in TPA (P  .003). Importantly, the interaction between
time and mortality showed that the hazard ratio of de-
creased TPA was markedly higher in the early perioperative
period. This indicates that core muscle size is particularly
relevant in the assessment of operative risk. Furthermore,
psoas area is a continuous variable with a broad normal
distribution as opposed to comorbid diseases that vary
minimally among patients with AAAs. Thus, it can provide
additional insight in determining timing of repair. For
example, a particularly frail patient with an aneurysm size of
5.5 cm may have a risk of perioperative mortality that still
exceeds the risk of mortality from rupture. Obviously, a
clinician should not withhold care simply because a patient
is frail. However, morphometric measures may indicate
where a patient lies in the spectrum of frailty, thus allowing
Fig 4. Effect of total psoas area (TPA) on 90-day pos
hazard ratio (HR). The reference TPA (HR 1) is 2230
patients differing by 1000 mm2 with respect to TPA, the
rate equal to 37% (HR  0.37) of the patient with the lclinicians to better tailor AAA management to the individ- ual. Furthermore, these methods of preoperative assess-
ent may identify patients who could benefit from specific
reoperative interventions such as a program of exercise
nd nutrition.
Aneurysm-specific factors and the anticipated technical
spects of repair are crucial elements of preoperative risk
tratification. Additionally, recent efforts to refine risk strat-
fication for patients with AAAs have focused on comor-
idities as predictors of postoperative mortality.14 While
his approach provides insight into the overall health of the
atient, it is limited due to minimal variation in the burden
f comorbid disease among patients with AAAs. The cur-
ent study indicates that core muscle size is independently
ssociated with postoperative mortality after adjusting for
he effect of comorbidities. Although such measures have
ot been extensively studied in the context of major sur-
ery, the authors have previously shown that small core
uscle size (TPA) is significantly associated with a many-
old higher risk of postliver transplant mortality.11 This
tudy demonstrates that TPA is also significantly correlated
ith mortality after AAA repair. In the context of major
urgery, morphometric measures such as TPA potentially
eflect the overall health of the patient. Integrating these
easures into risk assessment may better capture a patient’s
bility to tolerate repair than is currently possible with
nalysis of aneurysm pathology and comorbidities alone.
This work must be considered within the context of its
imitations. First, this is a retrospective study at a single
enter with a relatively small cohort of patients. Future
tudies should include a larger sample size and multiple
nstitutions. Second, there is potential selection bias for
atient inclusion in the study group. Although 479 patients
ative mortality, as quantified by the covariate-adjusted
, which is the median TPA in our study population. For
ent with the higher TPA faces a postoperative mortality
TPA.toper
mm2
patinderwent elective open repair during the observation
R1
1
1
1
1
1
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inal CT scans for 262 patients. Future work will require
prospective data accumulation to prevent such selection
bias. A third limitation is that we describe only one com-
ponent of frailty: core muscle size. Other measures of frailty
have been validated in geriatric populations, but have not
been studied in the context of major surgery.9,15-17 Future
work will need to focus on the prospective and longitudinal
assessment of validated measures of frailty.
Finally, this study excludes patients who underwent
endovascular aneurysm repair (EVAR). EVAR is currently
performed more commonly than open AAA repair in the
United States, and a preoperative risk-assessment tool for
use in aortic surgery must consider both methods of re-
pair.18 However, EVAR was excluded from the initial anal-
ysis for several reasons. First, there may be significant
selection bias inherent in EVAR that could skew the data, as
EVAR is often recommended for patients who are consid-
ered too sick or frail to undergo open aortic surgery.19,20
Additionally, the lower perioperative mortality rates ac-
companying EVARmight have precluded meaningful anal-
ysis of the interaction between core muscle size and mor-
tality. Given the increasing use of EVAR, however, future
work must investigate whether morphometric measures
can be applied to the selection of EVAR or open repair as
the most beneficial approach.
In this study, morphometric measures of core muscle
size are introduced as a potentially relevant concept in the
management of AAAs. Smaller core muscle size was shown
to be significantly correlated with increased postoperative
mortality. Further work is needed to more fully explore the
relationship between morphometric measures, frailty, and
outcomes in patients in need of aortic surgery. Nonethe-
less, TPA and other morphometric measures potentially
provide robust granular data on complex patients, and may
have the potential to further inform clinicians in their
assessment of operative risk and timing of repair.
The authors would like to formally thank the other
contributing members of The Michigan Analytic Mor-
phomics Group for their input into this work. These in-
clude Shaun P. Patel, BS, Abbas Alawieh, Sven A. Hol-
combe, BS, Justin Hurie, MD, Gilbert R. Upchurch, Jr,
MD, and John E. Rectenwald, MD. Thank you for your
time and efforts with this project.
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